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Diffusion tensor imaging tractography is a structural magnetic resonance imaging technique allowing reconstruction and
assessment of the integrity of three dimensional white matter tracts, as indexed by their fractional anisotropy. It is assumed
that the left arcuate fasciculus plays a crucial role for reading development, as it connects two regions of the reading network,
the left temporoparietal region and the left inferior frontal gyrus, for which atypical functional activation and lower fractional
anisotropy values have been reported in dyslexic readers. In addition, we explored the potential role of the left inferior
fronto-occipital fasciculus, which might connect a third region of the reading network, the left ventral occipitotemporal
region with the left inferior frontal gyrus. In the present study, 20 adults with dyslexia and 20 typical reading adults were
scanned using diffusion tensor imaging, and the bilateral arcuate fasciculus and the left inferior fronto-occipital fasciculus were
delineated. Group comparisons show a significantly reduced fractional anisotropy in the left arcuate fasciculus of adults with
dyslexia, in particular in the segment that directly connects posterior temporal and frontal areas. This fractional anisotropy
reduction might reflect a lower degree of myelination in the dyslexic sample, as it co-occurred with a group difference in radial
diffusivity. In contrast, no significant group differences in fractional anisotropy were found in the right arcuate fasciculus or in
the left inferior fronto-occipital fasciculus. Correlational analyses (controlled for reading status) demonstrated a specific relation
between performance on phoneme awareness and speech perception and the integrity of left arcuate fasciculus as indexed by
fractional anisotropy, and between orthographic processing and fractional anisotropy values in left inferior fronto-occipital
fasciculus. The present study reveals structural anomalies in the left arcuate fasciculus in adults with dyslexia. This finding
corroborates current hypotheses of dyslexia as a disorder of network connections. In addition, our study demonstrates a cor-
relational double dissociation, which might reflect neuroanatomical correlates of the dual route reading model: the left arcuate
fasciculus seems to sustain the dorsal phonological route underlying grapheme–phoneme decoding, while the left inferior
fronto-occipital fasciculus seems to sustain the ventral orthographic route underlying reading by direct word access.
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Introduction
Reading and writing constitute a way to represent language in the
physical environment. In an alphabetic writing system, phonology
(i.e. the sound pattern of words) plays a crucial role in this con-
version process. By breaking down a word in its constituent sound
parts (i.e. phonemes), and by applying phoneme–grapheme cor-
respondence rules, words can be represented through a restricted
set of arbitrary visual symbols. Once a child has mastered this
system of grapheme–phoneme conversion, a direct lexical reading
route emerges in which words are recognized by directly connect-
ing the orthographic (i.e. the visually written form of a word) to
the phonological and semantic lexicon without applying graph-
eme–phoneme correspondence rules (Frith, 1985). In skilled read-
ing, the grapheme–phoneme conversion route and the direct
lexical route coexist and supplement each other. According to
the dual route model each route weighs in to a different degree
depending on the words to be read: words that are very regular or
novel are preferentially processed using the grapheme–phoneme
conversion route, whereas frequent or exception words are pro-
cessed via the direct lexical route (Coltheart et al., 2001). Several
variants of this model exist, but all incorporate the idea of multiple
reading routes (Dehaene, 2009).
However, the human brain is not genetically ‘hardwired’ for
these reading processes and therefore the brain has to co-opt
other pre-literacy skills, like vision and language, in order to
learn to read and write (Dehaene, 2009). Although most children
learn to master fluent reading skills, 5–10% of the population
develops dyslexia, which is a neurogenetic disorder characterized
by unexpected low reading achievement despite adequate intelli-
gence, education and motivation (Lyon et al., 2003). The predom-
inant aetiological view postulates that dyslexia results from a
phonological deficit, i.e. problems with the representation and
processing of speech sounds (Snowling, 2000). Nowadays, it is
hypothesized that these phonological problems stem from a
more fundamental speech perception problem (Boets et al.,
2011). This theory is supported by experiments on categorical
speech perception and speech-in-noise perception, which demon-
strate that subjects with dyslexia have difficulty extracting discrete
phonological representations from phonetic features embedded
within the speech signal (Boets et al., 2007; Abrams et al.,
2009; Ziegler et al., 2009; Vandermosten et al., 2011). Due to
the well-documented phonological decoding problems and the
reduced print exposure, dyslexic readers also often present prob-
lems constructing a well-defined orthographic lexicon (Share,
1995; Bekebrede et al., 2010).
Neuroimaging research has revealed that mature reading is per-
formed by a left-hemisphere network of frontal, temporoparietal
and occipitotemporal cortical regions (Fiez and Petersen, 1998;
Turkeltaub et al., 2002; McCandliss and Noble, 2003; Richlan
et al., 2009). It is proposed that reading recruits two distinct
neural routes in the left hemisphere: (i) a dorsal phonological
route; and (ii) a ventral orthographic route (Jobard et al., 2003;
Sandak et al., 2004; Schlaggar and McCandliss, 2007). The dorsal
phonological route involves the left temporoparietal junction
(including the posterior superior temporal gyrus, the angular
gyrus and the supramarginal gyrus) and the opercular part of
Broca’s area. Given the role of each of these areas in phonological
analysis (Burton et al., 2000; Pugh et al., 2000; Gandour et al.,
2002), this dorsal route has been associated with word access
through grapheme-to-phoneme mapping (Simos et al., 2002;
Jobard et al., 2003). The second neural route is the ventral ortho-
graphic route and is located in the left occipitotemporal region
near the fusiform gyrus. This region is often referred to as the
‘visual word form area’ (Cohen et al., 2000). Co-activation of
this occipitotemporal area with semantic areas, situated in the
posterior portion of middle and inferior temporal gyrus and in
the triangular part of inferior frontal gyrus, has been hypothesized
to promote direct access from word shape to meaning, hence
constituting the direct lexicosemantic route for reading (Jobard
et al., 2003). Individuals with dyslexia, however, fail to produce
this typical activation pattern. Convergent evidence across studies
(Maisog et al., 2008; Richlan et al., 2009) has indicated that per-
sons with dyslexia show an underactivation in the temporoparietal
and occipitotemporal regions. The lower activation in the dorsal
(i.e. temporoparietal) system may reflect the phonological impair-
ment, specifically in phoneme–grapheme associations, and the
hypo-activation of the ventral system (i.e. occipitotemporal) may
reflect a secondary impairment in fast direct visual word recogni-
tion (Richlan et al., 2009). In addition to a left posterior under-
activation in dyslexic readers, there is evidence for a
disproportionately greater engagement of right-hemisphere homo-
logues (Shaywitz et al., 2002) and bilateral prefrontal dorsal sites
(Shaywitz, 1998; Brunswick et al., 1999; Pugh et al., 2000),
though this is not consistently found (for two recent
meta-analyses see Maisog et al., 2008; Richlan et al., 2009).
Reading involves the collaboration of distant cortical regions.
This implies that mastering accurate and fluent reading skills not
only requires an adequate activation of certain cortical areas, but
also an adequate communication between these areas. In this
regard, it has been hypothesized that individuals with dyslexia
show a dysfunction in cortical connectivity (Pugh et al., 2000).
This idea is supported by functional connectivity studies showing
a decreased or absent functional connectivity in dyslexic readers
between the regions of the reading network (Horwitz et al., 1998;
Pugh et al., 2000; Shaywitz et al., 2002; Stanberry et al., 2006;
Cao et al., 2008; van der Mark et al., 2011). A plausible anatom-
ical counterpart of the observed functional disconnection in dys-
lexic readers could be white matter tract deficits, since white
matter tracts ensure an efficient signal transmission between dis-
tant cortical regions. Until recently, post-mortem histological visu-
alization of white matter pathways was the only way to identify
these connections in humans. Currently, it is possible to examine
the integrity of these white matter pathways non-invasively using
diffusion tensor imaging (DTI). In contrast to standard MRI tech-
niques (T1 and T2), which regard white matter as a homogeneous
tissue, DTI provides specific information about the structural in-
tegrity and directional orientation of white matter tracts (Basser
et al., 1994, 1995). This is done by indirectly measuring the prop-
erties of the diffusion process of water molecules in the brain. In
white matter, which consists of myelinated axons running parallel
to each other, diffusion will be larger parallel to the tract than
perpendicular to it, a phenomenon called anisotropic diffusion.
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The main diffusion orientation will generally coincide with the
orientation of the axons, and can thus be used to virtually recon-
struct white matter fibre tracts by 3D tractography. Fractional an-
isotropy (i.e. an index of the amount of anisotropy) is used as an
index of white matter integrity as it is determined by the degree of
myelination and the properties of the axons (Mori, 2007). The
diffusivity in directions perpendicular to the principal axis of diffu-
sion (i.e. radial diffusivity) has been associated with the degree of
myelination, whereas diffusivity along the principal axis (i.e. axial
diffusivity) has been associated with the axon diameter (Song
et al., 2002, 2005; but see Wheeler-Kingshott and Cercignani,
2009 for a critical interpretation of these indices).
The most consistent finding across several independent DTI stu-
dies comparing dyslexic and typical readers is a decreased frac-
tional anisotropy in the left temporoparietal regions (Klingberg
et al., 2000; Beaulieu et al., 2005; Deutsch et al., 2005;
Dougherty et al., 2005; Niogi and McCandliss, 2006; Richards
et al., 2008; Steinbrink et al., 2008; Carter et al., 2009; Rimrodt
et al., 2010) and in the left inferior frontal gyrus (Deutsch et al.,
2005; Richards et al., 2008; Steinbrink et al., 2008; Rimrodt et al.,
2010) in dyslexic individuals. This finding is additionally confirmed
by correlational approaches demonstrating a positive relation be-
tween word and pseudoword reading performance and fractional
anisotropy in the left temporoparietal and inferior frontal region
(Klingberg et al., 2000; Nagy et al., 2004; Beaulieu et al., 2005;
Deutsch et al., 2005; Niogi and McCandliss, 2006; Gold et al.
2007; Carter et al., 2009). To date, it remains to be elucidated
whether deficits in specific reading-related subskills, such as phon-
eme awareness, speech perception and orthographic processing,
are related to the observed fractional anisotropy decrease in indi-
viduals with dyslexia. In a study by Deutsch et al. (2005) phoneme
awareness was assessed, but no significant correlation was found
with fractional anisotropy in the left temporoparietal cluster. This
finding is rather unexpected, against the background of functional
MRI studies showing the phonological function of this region
(Pugh et al., 2001) and based on DTI studies showing a correl-
ation between pseudoword reading and fractional anisotropy
values for the left temporoparietal region (Klingberg et al.,
2000; Steinbrink et al., 2008; Odegard et al., 2009). Yet, in gen-
eral the link between anatomical fractional anisotropy indices and
phoneme awareness, speech perception and orthographic process-
ing remains largely undiscovered.
In addition, evidence is lacking on which anatomical white
matter fibre tracts are exactly underlying the group difference in
fractional anisotropy and the correlation with reading achieve-
ment. Given that the group differences and correlations are
mainly observed in the left temporoparietal region and to a
lesser extent in the left inferior frontal gyrus, it has often been
postulated that this may very well reflect a deficit within the left
perisylvian bundle that connects the temporoparietal area
(Wernicke) with the inferior frontal gyrus (Broca’s area)
(Klingberg et al., 2000; Nagy et al., 2004; Gold et al., 2007;
Richards et al., 2008; Steinbrink et al., 2008; Carter et al.,
2009). This bundle has been referred to as the arcuate fasciculus
(Catani and de Schotten, 2008) or the superior longitudinal fas-
ciculus (Wakana et al., 2007), though in some reports the arcuate
fasciculus is considered to be a subcomponent of the superior
longitudinal fasciculus (Schmahmann et al., 2007). Here, in line
with Catani et al. (2005), we will use the term arcuate fasciculus
to refer to this perisylvian bundle. The evidence that the left ar-
cuate fasciculus is involved in reading processes is not unequivocal
since other DTI studies have situated the fractional anisotropy
group differences in the left superior corona radiata, which runs
inferior–superior and also passes through the temporoparietal
region (Beaulieu et al., 2005; Niogi and McCandliss, 2006). To
our knowledge, only one study (Rimrodt et al., 2010) explicitly
delineated the left arcuate fasciculus using tractography and con-
firmed the presence of decreased fractional anisotropy in the left
arcuate fasciculus in dyslexic readers. However, in this study the
arcuate fasciculus was delineated as a single tract, whereas recent
studies demonstrated that the arcuate fasciculus actually comprises
several separate subcomponents. In a recent DTI-tractography
study, Catani (2005) demonstrated that the arcuate fasciculus
consists of (i) a medial long and direct segment (arcuate
fasciculus-direct), connecting Wernicke and Broca’s area; (ii) a lat-
eral indirect anterior segment (arcuate fasciculus-anterior), linking
Broca’s area with the inferior parietal lobule; and (iii) a lateral in-
direct posterior segment (arcuate fasciculus-posterior), linking
Wernicke’s area with the inferior parietal lobe. Although its precise
frontal and temporal terminations (Frey et al., 2008; Glasser and
Rilling, 2008; Friederici, 2009) as well as the existence of possible
additional subcomponents (Makris et al., 2005) remain to be clar-
ified, brain studies using distinct methodologies generally support
the existence of these three perisylvian segments in the arcuate
fasciculus (Deacon, 1992; Matsumoto et al., 2004; Eluvathingal
et al., 2007; Schmithorst and Holland, 2007; Duffau, 2008;
Lawes et al., 2008). The fact that the arcuate fasciculus comprises
at least three separate subcomponents implies that each of them
may differently relate to reading and reading-related skills. Based
on intraoperative subcortical stimulation, the arcuate
fasciculus-direct has been suggested to be involved in phono-
logical processing, the arcuate fasciculus-anterior in articulation
and the arcuate fasciculus-posterior in speech perception
(Duffau, 2008). This view corroborates functional MRI studies
showing an involvement of the temporoparietal, inferior parietal
and inferior frontal regions in phonological processing (Pugh et al.,
2001), speech perception (Parker et al., 2005) and articulation
(Fiez and Petersen, 1998).
Complementary to the dorsally located left arcuate fasciculus,
which is assumed to underlie phonology-related processes, it is
presumed that there also exists a left ventrally located white
matter tract which constitutes the lexicosemantic reading route.
Although a pathway connecting the visual word form area to se-
mantic regions has not yet been defined precisely, the left inferior
fronto-occipital fasciculus is proposed as a plausible candidate
(Epelbaum et al., 2008). The inferior fronto-occipital fasciculus is
a major pathway connecting visual occipital areas with semantic
areas (located in the inferior and middle temporal gyrus and in the
pars triangularis), and thus might constitute the neuroanatomical
correlate of the ventral orthographic reading route defined
by functional MRI studies (Schlaggar and McCandliss, 2007).
Based on intraoperative subcortical stimulation, the inferior
fronto-occipital fasciculus seems to be involved in semantic pro-
cessing (Duffau et al., 2005). Yet, concerning its function in
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orthographic processing and direct word access no direct evidence
is available.
The present DTI study aims to investigate whether the group
differences in fractional anisotropy between dyslexic and typical
readers reported in the literature can be traced back to a dysfunc-
tion of the left arcuate fasciculus. In particular, we aim to pinpoint
which subcomponents of the arcuate fasciculus may be dysfunc-
tional in our sample of dyslexic adults. In addition, we aim to
investigate the specific neuroanatomical correlates of reading-
related subskills like phonological processing, speech perception
and orthographic processing. Behavioural measures will be related
to fractional anisotropy indices to examine whether the left inferior
fronto-occipital fasciculus and subcomponents of the arcuate fas-
ciculus may constitute a plausible neuroanatomical candidate of
the direct orthographic and the indirect graphophonological read-
ing route, respectively.
Patients and methods
Participants
Twenty dyslexic and 20 typically reading adults (age range 19–32
years, recruited from the student population of the University of
Leuven) participated. All participants were predominantly right-handed
as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971),
had adequate non-verbal intelligence (standard score 490 on the
Matrices subtest of Wechsler Adult Intelligence Scale-III; Wechsler,
1999) and adequate audiometric pure-tone hearing thresholds (525
dB hearing level on all octave audiometric frequencies). All were native
Dutch speakers, without a history of brain damage, language prob-
lems, psychiatric symptoms, visual problems or hearing loss. The 40
participants of the present study were selected from the sample of 62
subjects described in Vandermosten and colleagues (2010). Based on a
composite score of three standardized literacy tests (word and pseudo-
word reading and spelling) (van den Bos et al., 1994), the 20 best and
20 poorest performers of the original sample were selected. All indi-
viduals with dyslexia had a formal diagnosis of developmental dyslexia
and scored below percentile 3 of a university norm group
(Depessemier and Andries, 2009) on both standardized reading tests.
The 20 typically reading individuals reported no history of reading
difficulties and scored above percentile 20 of the university norm
group on both reading tests. The study was approved by the local
Ethical Board and informed consent was obtained from all participants
according to the Declaration of Helsinki.
Table 1 displays descriptive statistics for the two groups, including
performance scores on behavioural measures assessing phoneme
awareness, speech-in-noise perception and orthographic processing.
Both groups were matched for gender, age and non-verbal intelli-
gence. As defined, performance on word and pseudoword reading
and spelling was significantly poorer in the dyslexic reading group
than the typical reading group.
Behavioural measures
Phoneme awareness was assessed by a phoneme deletion and a
spoonerisms task. In both tasks, stimuli were presented through head-
phones to the right ear at 70 dB sound pressure level. In the phoneme
deletion task the participant had to delete a particular phoneme from a
non-word (e.g. ‘norf’ without ‘r’). In the spoonerisms task, the par-
ticipant had to swap the initial phonemes of two presented (non)-
words (e.g. ‘lime’ and ‘horse’) in order to create two new
non-words (‘hime’ and ‘lorse’). Performance on both tasks was as-
sessed by the average response time (in milliseconds) on the correct
trials. The response times of both tests were converted to z-scores and
averaged to obtain a composite score for phoneme awareness. Scores
were multiplied by 1 to obtain a positive definite correlation matrix.
Speech-in-noise perception was assessed by Dutch LIST sentences
presented in a stationary speech-weighted noise (van Wieringen and
Wouters, 2008). The level of the background noise was fixed, whereas
the speech level was varied. Noise stimuli were presented monaurally
through headphones to the right ear at 70 dB sound pressure level.
Two lists of 10 sentences were presented. The speech reception
threshold was determined adaptively by means of a one-up, one-down
paradigm with a step size of 2 dB. A response was considered correct
if all the key words of the sentence were repeated correctly. The
speech reception threshold of each test list was computed by aver-
aging the presentation levels of sentences 6–10 as well as the imagin-
ary 11th sentence. The speech reception thresholds of the two test
lists were averaged to compute a mean speech reception threshold
Table 1 Participant characteristics
Dyslexic readers
(n = 20), M (SD)
Typical readers
(n = 20), M (SD)
Test statistics
Subject characteristics
Sex (male/female) 7/13 8/12 2 (1) = 0.10, P = 0.75
Age (years) 22.1 (3.1) 21.4 (3.0) t(38) = 0.66, P = 0.51
Non-verbal IQ (WAIS) 108 (10) 106 (10) t(38) = 0.54, P = 0.59
Defining literacy measures
Word readinga 66.1 (1.9) 99.8 (11.4) t(38) = 13.10, P5 0.0001
Pseudoword readinga 66.0 (1.8) 107.9 (9.8) t(38) = 18.75, P5 0.0001
Spellinga 69.3 (6.5) 105.8 (9.6) t(38) = 14.04, P5 0.0001
Underlying reading processes
Phoneme awareness (effect size) 2.8 (1.0) 0 (1) t(38) = 7.79, P5 0.0001
Speech-in-noise perception (SRT in dB) 8.2 (0.9) 8.5 (1.1) t(38) = 1.05, P = 0.30
Orthographic processing (raw score) 28.2 (3.6) 34.5 (2.5) t(38) = 6.33, P5 0.0001
a Standardized scores with population average M = 100 and SD = 15.
WAIS = Wechsler Adult Intelligence Scale; SRT = speech reception threshold.
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(van Wieringen and Wouters, 2008). Scores on speech reception
threshold were multiplied by 1 to obtain a positive definite correl-
ation matrix.
Orthographic processing was assessed by a flashed word identifica-
tion task (Bekebrede et al., 2010). In this test, a word appears on a
computer screen for 200 ms and is then masked. The participant had
to indicate whether the word was spelled correctly or not. The test
consisted of three practice items and four test blocks of 10 items each.
In each block, there were five correctly spelled words and five incor-
rectly spelled words (which were orthographically legal and pro-
nounceable). The set of correctly and incorrectly spelled words was
equated on the number of syllables, with six one-, seven two- and
seven three-syllable items. Given the brief presentation time, the
words cannot be deciphered by grapheme–phoneme decoding but
have to be read through direct word access, which is also reflected
by the typical involvement of the visual word form area in this type of
flashed word identification task (Cohen et al., 2000, 2002; Gaillard
et al., 2006).
The results on the behavioural measures assessing reading-related
subskills showed the expected group difference for phoneme aware-
ness and orthographic processing. There was no significant group dif-
ference for speech-in-noise perception, which is consistent with
literature showing a speech-in-noise perception deficit in children
with dyslexia (Wible et al., 2002; Bradlow et al., 2003; Boets et al.,
2008; Chandrasekaran et al., 2009; Ziegler et al., 2009), but not in
adults (Hazan et al., 2009).
Neuroanatomical measures
Data acquisition
All participants underwent MRI examination on a 3T system (Philips).
The DTI data were acquired using a single-spin shot echo-planar
image with SENSE (sensitivity encoding) acquisition. DTI images cover-
ing the entire brain and the brainstem were acquired with the
following parameters: matrix size = 112  109; field of view
= 220  220 mm2; repetition time = 11 043 ms, echo time = 55 ms,
68 contiguous sagittal slices (slice thickness = 2.2 mm; voxel
size = 1.96  1.96  2.2 mm3), acquisition time = 10 min 34 s.
A pair of diffusion gradients was applied along 45 non-collinear direc-
tions with a b-value of 800 s/mm2. Additionally, one set of images with
no diffusion weighting (b = 0 s/mm2) was acquired. Two identical DTI
data sets were consecutively acquired for each subject to increase the
signal-to-noise ratio, bringing the total acquisition time to 21 min and 8 s.
Data processing
Raw data were transferred to an offline workstation. All images were
first visually checked for possible artefacts. Further pre- and
post-processing was done using Explore DTI (Leemans et al., 2009).
The diffusion weighted images were corrected for eddy current and
motion-induced artefacts using CATNAP with the required reorienta-
tion of the b-matrix (Leemans and Jones, 2009). Next, the diffusion
tensors were estimated using non-linear least square fitting followed
by a concatenation of both DTI data sets to improve the reliability of
the estimated diffusion measures. After a new DTI estimation, a
whole-brain tractography was calculated for each concatenated DTI
data set using a seed point of [2 2 2], fractional anisotropy threshold
of 0.2 to seed and end tracking, angle threshold of 40 and fibre
length range of 50–500 mm.
In order to avoid artefacts due to normalization, we delineated the
tracts in native space. Given the time intensiveness of manually deli-
neating fibre tracts for each individual subject, we limited the analyses
to specific pre-defined tracts that are of theoretical and/or empirical
relevance for reading and dyslexia, namely the arcuate fasciculus and
inferior fronto-occipital fasciculus. To reconstruct the tracts of interest,
we defined the regions of interest in line with the protocol of Wakana,
which has a high reproducibility and reliability (Wakana et al., 2007).
For delineation of the total arcuate fasciculus (without a distinction of
its subcomponents) and arcuate fasciculus-direct, the Wakana protocol
provides instructions where to place the regions of interest (there
referred to as ‘SLF’ and ‘SLFt’, respectively). For delineation of the
other two segments (arcuate fasciculus-anterior and arcuate
fasciculus-posterior) Wakana does not provide a protocol and there-
fore the validated protocol of Catani et al. (2005) was applied (Fig. 1).
It is important to note that the total arcuate fasciculus, as defined
according to Wakana, does not include the posterior part (arcuate
fasciculus-posterior), but only comprises the direct (arcuate
fasciculus-direct) and anterior (arcuate fasciculus-anterior) part. The
total arcuate fasciculus and its three segments was delineated both
in the left and right hemisphere. Consistent with previous studies
(Catani et al., 2007), the right arcuate fasciculus-direct was only
found in 21 of the 40 participants (52%) whereas the other segments
were found in every subject. Regarding the two reading groups, the
right arcuate fasciculus-direct was found in 12 typical readers (60%)
and nine dyslexic readers (45%), but this proportion was not statistic-
ally different [2 (1) = 0.90, P = 0.34]. In addition, there was no sig-
nificant difference between the subjects with and without a right
arcuate fasciculus-direct on literacy [F(1,38) = 0.61, P = 0.44], phon-
eme awareness [F(1,38) = 0.32, P = 0.58], orthographic processing
[F(1,38) = 0.10, P = 0.75] and speech-in-noise perception
[F(1,38) = 2.22, P = 0.14]. We re-ran the latter analyses within the
dyslexic group, since it is shown that only dyslexic readers use the
right arcuate fasciculus to compensate their literacy problems (Hoeft
et al., 2011), but this again did not show any significant differences
(P4 0.15). This implies that the absence or presence of the right ar-
cuate fasciculus-direct seems not to be determining literacy and liter-
acy-related subskills. Concerning the inferior fronto-occipital fasciculus,
we also used the Wakana protocol to delineate it. For each of these
tracts, we derived the fractional anisotropy values for every subject.
Delineation of the fibre tracts was carried out by two independent
raters (fractional anisotropy intra-class correlation coefficient 40.95
for arcuate fasciculus and left inferior fronto-occipital fasciculus;
40.88 for the three segments of the arcuate fasciculus) and the aver-
age fractional anisotropy across the two raters was calculated. The
quality of the DTI data acquisition (indexed by mean 2) and IQ
were used as a covariate in the group analyses and the correlations.
Results
Group differences
Mean fractional anisotropy values for each of the investigated
tracts for both groups are presented in Table 2. With regard to
the left arcuate fasciculus (i.e. the whole tract comprising arcuate
fasciculus-direct and arcuate fasciculus-anterior), a significant
lower fractional anisotropy was found in dyslexic relative to typical
readers [F(1,36) = 5.19, P = 0.03]. To determine whether lower
fractional anisotropy in the arcuate fasciculus of dyslexic readers
is confined to the left hemisphere, we examined fractional anisot-
ropy in the right arcuate fasciculus as well. No significant group dif-
ference was found in the right arcuate fasciculus [F(1,36) = 0.17,
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Figure 1 DTI fibre tracking of the various arcuate fasciculus (AF) components and of inferior fronto-occipital fasciculus. Example of fibre
tracking in one subject in native space. The left arcuate fasciculus, left arcuate fasciculus-direct, right arcuate fasciculus and left inferior
fronto-occipital fasciculus were delineated according to the regions of interest as defined in the protocol of Wakana et al. (2007).
To delineate the left arcuate fasciculus-anterior and arcuate fasciculus-posterior, the protocol of Catani et al. (2005) was applied.
ROI = region of interest.
Table 2 DTI indices of the left arcuate fasciculus and the subcomponents, the right arcuate fasciculus and the left inferior
fronto-occipital fasciculus for dyslexic and typical readers
Typical readers
(n = 20), M (SD)
Dyslexic readers
(n = 20), M (SD)
Fractional anisotropy
Left arcuate fasciculus 0.474 (0.017) 0.460 (0.025)
Left arcuate fasciculus-direct 0.493 (0.024) 0.479 (0.029)
Left arcuate fasciculus-anterior 0.441 (0.019) 0.434 (0.027)
Left arcuate fasciculus-posterior 0.455 (0.026) 0.444 (0.027)
Right arcuate fasciculus 0.422 (0.030) 0.426 (0.021)
Right arcuate fasciculus-direct (in 21/40 subjects) 0.445 (0.033) 0.429 (0.022)
Right arcuate fasciculus-anterior 0.422 (0.026) 0.422 (0.026)
Right arcuate fasciculus-posterior 0.429 (0.025) 0.423 (0.029)
Left inferior fronto-occipital fasciculus 0.485 (0.027) 0.486 (0.024)
Radial diffusivity left arcuate fasciculus 0.499  103 (0.026) 0.511  103 (0.036)
Axial diffusivity left arcuate fasciculus 1.07  103 (0.029) 1.07  103 (0.040)
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P = 0.68]. To further examine which microscopic factors (myelin-
ation or axon diameter) may underlie the lower fractional anisot-
ropy in the left arcuate fasciculus, we additionally calculated the
axial diffusivity (i.e. diffusivity along the axon and presumed to be
related to axonal diameter) and the radial diffusivity (i.e. diffusivity
perpendicular to the axon and presumed to offer an index of the
degree of myelination) (Song et al., 2002, 2005). A fractional
anisotropy decrease accompanied by an increase in radial diffusiv-
ity and a stable axial diffusivity is commonly interpreted as evi-
dence for a lower degree of myelination (Song et al., 2002).
Conversely, a fractional anisotropy decrease accompanied by a
decrease in axial diffusivity and a stable radial diffusivity may sug-
gest that axonal properties come into play. Our findings of a lower
fractional anisotropy value accompanied by a clear tendency for a
lower radial diffusivity [F(1,36) = 3.86, P = 0.06] but not axial dif-
fusivity [F(1,36) = 0.72, P = 0.39], thus supports the hypothesis of
reduced myelination of the left arcuate fasciculus in dyslexic read-
ing adults. To investigate which subcomponents of the left arcuate
fasciculus (Catani et al., 2005) determined the fractional anisot-
ropy group difference, we compared the groups on the three
segments. No group difference was found in left arcuate
fasciculus-anterior [F(1,36) = 0.83, P = 0.37] nor in left arcuate
fasciculus-posterior [F(1,36) = 2.29, P = 0.14], but a significant
lower fractional anisotropy value was observed in left arcuate
fasciculus-direct [F(1,36) = 4.44, P = 0.04]. As expected on the
basis of the results of the whole right arcuate fasciculus, no
significant group difference was found for the right arcuate
fasciculus-direct [F(1,17) = 2.87, P = 0.11], right arcuate fascicu-
lus-anterior [F(1,36) = 0.02, P = 0.88] and right arcuate fascicu-
lus-posterior [F(1,36) = 0.95, P = 0.34]. Finally, with regard to
the left inferior fronto-occipital fasciculus, no significant fractional
anisotropy difference was found between dyslexic and normal
readers [F(1,36) = 0.06, P = 0.81].
Correlations with behavioural
measures
For the correlational analyses (Table 3 and Fig. 2), we focused on
the three distinct segments of the arcuate fasciculus since each of
these is hypothesized to sustain distinct skills. Phoneme awareness
and speech perception reflect phonological aspects of reading,
whereas the word flash task reflects orthographic processing.
To verify whether the correlations were not merely a confirmation
of the observed group differences, we added group membership
as a partial variable (i.e. residuals after controlling for group).
Generally, a striking dissociation was observed, with left arcuate
fasciculus correlating with phonology-related measures and left
inferior fronto-occipital fasciculus correlating with orthographic
processing. Fractional anisotropy values of the left arcuate
fasciculus-direct were significantly correlated with performance
on phoneme awareness and there was also a substantial, though
not significant, correlation with speech-in-noise perception.
Fractional anisotropy of the left arcuate fasciculus-anterior did
not significantly correlate with any of the phonology-related
measures. Fractional anisotropy of the left arcuate fasciculus-
posterior was significantly related to speech perception.
Intriguingly, none of the three segments of the left arcuate fas-
ciculus was related to orthographic processing. The left inferior
fronto-occipital fasciculus, on the other hand, showed the inverse
pattern of correlations: fractional anisotropy in the left inferior
fronto-occipital fasciculus was not related to phoneme awareness
and speech perception, but it did correlate significantly with ortho-
graphic processing. Finally, fractional anisotropy values in the three
segments of the right arcuate fasciculus did not correlate with any
of the reading-related measures, except for a negative correlation
with speech-in-noise perception of the right arcuate fasciculus-
direct (r = 0.49, P = 0.04).
Given that fractional anisotropy in the left arcuate fasciculus and
the left inferior fronto-occipital fasciculus are differently linked to
phonological and orthographic processing, multiple linear regres-
sion analyses were carried out to statistically examine the specifi-
city of this correlational double dissociation (see Niogi and
McCandliss, 2006 for a similar approach). More specifically, it
was assessed whether fractional anisotropy in the left arcuate
fasciculus-direct uniquely related to variance in phoneme aware-
ness after controlling for orthographic processing, and conversely,
whether fractional anisotropy in the left inferior fronto-occipital
fasciculus accounted for additional variance in orthographic pro-
cessing after controlling for phoneme awareness (Table 4).
Similarly, it was assessed whether fractional anisotropy in the left
arcuate fasciculus-posterior accounted for additional variance in
speech-in-noise perception after controlling for orthographic
Table 3 Pearson partial correlations (controlled for group, IQ and quality index of DTI acquisition)
between reading-related behavioural measures (phoneme awareness, speech perception and
orthographic processing) and fractional anisotropy values of the left arcuate fasciculus, the right
arcuate fasciculus and the left inferior fronto-occipital fasciculus
Phoneme
awarenessa
Speech
perceptiona
Orthography
Left arcuate fasciculus-direct 0.33** 0.31* 0.04
Left arcuate fasciculus-anterior 0.02 0.18 0.05
Left arcuate fasciculus-posterior 0.21 0.42*** 0.00
Left inferior fronto-occipital fasciculus 0.04 0.18 0.39**
a Scores are multiplied by 1 in order to obtain a positive correlation matrix.
*P50.10, **P5 0.05, ***P5 0.01.
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processing, and conversely, whether fractional anisotropy in the
left inferior fronto-occipital fasciculus accounted for additional
variance in orthographic processing after controlling for speech-
in-noise perception (Table 5). In all analyses, control variables
(IQ and quality index of DTI acquisition) and group membership
were entered first, in the order listed. The R2 reported for phon-
eme awareness, speech-in-noise perception and orthographic pro-
cessing represents the proportion of variance this factor uniquely
contributed after all other variables (including the other underlying
reading variable) were taken into account. As demonstrated in
Tables 4 and 5, orthographic processing loads onto inferior
fronto-occipital fasciculus independently of the performance on
phoneme awareness and speech-in-noise perception. Conversely,
phoneme awareness and speech-in-noise perception relate to
the left arcuate fasciculus-direct and arcuate fasciculus-posterior,
respectively, after controlling for orthographic processing.
Furthermore, Tables 4 and 5 reveal that orthographic processing
did not uniquely relate to arcuate fasciculus and phonological pro-
cessing did not relate to inferior fronto-occipital fasciculus. This
confirms the specificity of the observed correlations.
Discussion
We used DTI in a sample of adults with and without dyslexia to
evaluate the hypothesis that individuals with dyslexia have
reduced white matter integrity in the left arcuate fasciculus.
More specifically, we investigated in which of the three subcom-
ponents (i.e. direct, anterior or posterior arcuate fasciculus) frac-
tional anisotropy anomalies may be located. We also examined
group differences in the right arcuate fasciculus and the left infer-
ior fronto-occipital fasciculus. Finally, against the background of
functional MRI studies suggesting the existence of a direct ortho-
graphically based reading route along the left occipitotemporal
cortex and an indirect graphophonological route straddling from
the left temporoparietal perisylvian areas towards the left inferior
frontal gyrus, we examined whether the ventrally located left in-
ferior fronto-occipital fasciculus may sustain this direct orthograph-
ic reading route and whether the dorsally located left arcuate
fasciculus may sustain the phonological processes underlying read-
ing by the indirect graphophonological reading route.
Figure 2 Correlations between (residual) fractional anisotropy values and (residual) reading-related behavioural measures after
controlling for group, IQ and quality index of DTI acquisition. AFdirect = acuate fasciculus-direct; AFposterior = arcuate fasciculus-
posterior; IFOF = inferior fronto-occipital fasciculus.
Table 4 Unique variance (R2) in fractional anisotropy
explained by individual differences in phoneme awareness
and orthographic processing
Predicting variables Fractional
anisotropy
left IFOF
Fractional
anisotropy
left
AFdirect
Step 1: control variables 0.04 0.04
Step 2: group variable 0.00 0.10*
Step 3a: phoneme awareness 0.02 0.10*
Step 3b: orthographic processing 0.16** 0.00
Total R2 0.21 0.24
Step 1 = Control variables (IQ and quality index of DTI acquisition); Step
2 = Control variables + Group variable; Step 3a = Control variables + Group
variable + Orthographic processing + Phoneme awareness; Step 3b = Control
variables + Group variable + Phoneme awareness + Orthographic processing.
*P5 0.05, **P50.01.
AFdirect = arcuate fasciculus-direct; IFOF = inferior fronto-occipital fasciculus.
Table 5 Unique variance (R2) in fractional anisotropy
explained by individual differences in speech-in-noise
perception and orthographic processing
Predicting variables Fractional
anisotropy
left IFOF
Fractional
anisotropy
left
AFposterior
Step 1: control variables 0.04 0.02
Step 2: group variable 0.00 0.06
Step 3a: speech-in-noise perception 0.01 0.18**
Step 3b: orthographic processing 0.12* 0.01
Total R2 0.19 0.26
Step 1 = Control variables (IQ and quality index of DTI acquisition); Step
2 = Control variables + Group variable; Step 3a = Control variables + Group
variable + Orthographic processing + Speech-in-noise perception; Step
3b = Control variables + Group variable + Speech-in-noise
perception + Orthographic processing.
*P50.05, **P5 0.01.
AFposterior = arcuate fasciculus-posterior; IFOF = inferior fronto-occipital
fasciculus.
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Our results reveal a decreased fractional anisotropy for dyslexic
readers in the left arcuate fasciculus, and more specifically in the
component, which directly connects posterior temporal with infer-
ior frontal areas. Conversely, no fractional anisotropy group dif-
ference was found in right arcuate fasciculus and in left inferior
fronto-occipital fasciculus. Based on the correlational outcomes, a
specific neuroanatomical correlate for the dorsal phonological and
the ventral orthographical route are suggested. The left inferior
fronto-occipital fasciculus correlated with orthographic processing
but not with the phonology-related measures (i.e. phoneme
awareness and speech perception). The left arcuate fasciculus
showed the inverse pattern of relations: no correlations were
found with orthographic processing but the arcuate fasciculus-
direct was significantly related to phoneme awareness and the
arcuate fasciculus-posterior to speech-in-noise perception. The
left arcuate fasciculus-anterior and the right arcuate fasciculus
did not correlate with any of the reading-related measures.
White matter anomalies in dyslexia
What can be inferred from the observed lower fractional anisot-
ropy in left arcuate fasciculus in dyslexic adults? First, we observed
a significantly reduced fractional anisotropy in the left and not in
the right arcuate fasciculus. This finding is consistent with the bulk
of previous DTI studies in dyslexia, which predominantly observed
fractional anisotropy group differences and correlations with read-
ing in the left hemisphere (Nagy et al., 2004; Deutsch et al.,
2005; Niogi and McCandliss, 2006; Gold et al., 2007; Steinbrink
et al., 2008; Carter et al., 2009; Odegard et al., 2009; Rimrodt
et al., 2010). Nonetheless, there are some DTI studies that also
observed fractional anisotropy group differences in the right tem-
poroparietal regions, though these fractional anisotropy values in
right hemispheric regions did not relate to reading (Klingberg
et al., 2000; Deutsch et al., 2005) or to a lesser extent than
those in their left-hemisphere homologue (Beaulieu et al., 2005;
Steinbrink et al., 2008). Given the evidence that dyslexic readers
progressively recruit the right inferior frontal gyrus and the right
arcuate fasciculus as a neural mechanism to compensate for their
reading problems (Hoeft et al., 2011), it is not unexpected that
our dyslexic sample of (partly compensated) university students
does not display reduced fractional anisotropy in right arcuate
fasciculus. On the other hand, our data could not confirm a com-
pensatory role of the right arcuate fasciculus-direct since literacy
and literacy-related subskills did not differ between dyslexic read-
ers with and without a right arcuate fasciculus-direct.
Secondly, the significant lower fractional anisotropy for dyslexic
readers in the left arcuate fasciculus seems to be rooted in a higher
radial but similar axial diffusivity. Given that lower fractional an-
isotropy together with higher radial diffusivity has been associated
with a decrease in myelination (Song et al., 2002), this may indi-
cate that the lower fractional anisotropy in dyslexia is determined
by a reduction in myelination of the axons. In an elegant inter-
vention study, where DTI was administered in children with dys-
lexia before and after receiving intervention (Keller and Just,
2009); the fractional anisotropy increase after intervention was
related to radial and not to axial diffusivity. Similar to our study,
the authors interpreted this as a consequence of increased
myelination. However, fractional anisotropy is not merely deter-
mined by microscopic factors (such as myelination) but also by
macroscopic factors, such as the coherence of axonal orientation
within a voxel (i.e. crossing fibres also reduce fractional anisot-
ropy). Unfortunately, using standard DTI techniques, it is currently
impossible to disentangle microscopic from macroscopic factors.
Therefore, interpretations concerning changes in axial and radial
diffusivity in relation to underlying tissue structure must be done
with caution, especially when crossing fibres may be present
(Wheeler-Kingshott and Cercignani, 2009).
Third, the fractional anisotropy group difference was only sig-
nificant in the left arcuate fasciculus-direct, and not in the arcuate
fasciculus-anterior or arcuate fasciculus-posterior. Rimrodt and col-
leagues (2010) combined whole-brain fractional anisotropy ana-
lysis and fibre tracking of the left arcuate fasciculus-direct in
dyslexic and typical readers, and found that the group differences
in inferior frontal fractional anisotropy, observed by whole-brain
analyses, coincided with deficits along the arcuate fasciculus-
direct. However, the temporoparietal group differences in frac-
tional anisotropy could not be attributed to a deficit in the arcuate
fasciculus-direct, and they speculated that these might be located
on an indirect component of the arcuate fasciculus (i.e. arcuate
fasciculus-posterior or arcuate fasciculus-anterior), which they did
not delineate. Therefore, our results only partially support the
findings of Rimrodt and colleagues (2010) as we found a signifi-
cant group difference in the arcuate fasciculus-direct, but not in
any of the indirect segments. Additional indirect evidence for the
importance of left arcuate fasciculus-direct with regard to reading
and dyslexia is corroborated by functional connectivity studies
which indicated a reduced or absent functional connectivity in
individuals with dyslexia between temporal areas and the inferior
frontal gyrus (Shaywitz et al., 2003; Stanberry et al., 2006), a
connection that is presumably sustained by the arcuate
fasciculus-direct. However, Cao and colleagues (2008) hypothe-
sized that the observed functional disconnection in dyslexics would
rather point to deficits in the arcuate fasciculus-anterior and other
studies (Horwitz et al., 1998; Pugh et al., 2000; van der Mark
et al., 2011) show a functional disconnection between temporal
areas and the inferior parietal lobe, possibly sustained by the ar-
cuate fasciculus-posterior. More research combining DTI and func-
tional connectivity analyses is needed to clarify this picture.
Finally, a fourth interesting finding is that the white matter
anomalies in our sample of adults with dyslexia is significantly
present in the left arcuate fasciculus, but not in the left inferior
fronto-occipital fasciculus. Other DTI studies also found little evi-
dence for lower fractional anisotropy in the left occipitotemporal
area or inferior fronto-occipital fasciculus (Nagy et al., 2004;
Beaulieu et al., 2005; Deutsch et al., 2005; Dougherty et al.,
2005; Niogi and McCandliss, 2006; Gold et al., 2007; Carter
et al., 2009; but see Richards et al., 2008; Steinbrink et al.,
2008; Odegard et al., 2009). Moreover, in a DTI study involving
a patient suffering reading impairment after radiotherapy, it was
demonstrated that the inferior fronto-occipital fasciculus was intact
whereas the left arcuate fasciculus was missing (Rauschecker
et al., 2009). Our results, however, cannot exclude additional
anomalies in other tracts such as the superior corona radiata,
which has also been suggested to be related to reading and
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dyslexia. Beaulieu et al. (2005) and Odegard et al. (2009)
revealed via whole-brain analysis a cluster which significantly
related to reading performance and which they attributed to the
left superior corona radiata. Niogi and McCandliss (2006) assessed
the superior segment of the corona radiata (temporoparietal
region) and observed lower fractional anisotropy in dyslexic rela-
tive to typical readers. Though not the original scope of our study,
we also delineated the superior corona radiata in order to situate
our findings relative to previous DTI studies. Parallel to Niogi and
McCandliss (2006), we extracted fractional anisotropy of a super-
ior segment of the corona radiata, namely the part that is running
medial to the arcuate fasciculus. In addition, we also extracted
fractional anisotropy of the whole corona radiata by tractography
(following the protocol of Catani and de Schotten, 2008). No
group difference was observed for fractional anisotropy values of
the superior part of the corona radiata [dyslexic readers:
M = 0.479, SD = 0.049; typical readers: M = 0.483, SD = 0.055;
F(1,36) = 0.16, P = 0.70] nor for the whole corona radiata-tract
[dyslexic readers: M = 0.517, SD = 0.022; typical readers:
M = 0.519, SD = 0.015; F(1,36) = 0.24, P = 0.62]. The discrepancy
with previous reports (Beaulieu et al., 2005; Niogi and McCandliss,
2006; Odegard et al., 2009) showing a link between the corona
radiata and reading might be rooted in developmental effects, as
the three previous studies investigated children whereas we tested
adults. Nevertheless, our results suggest that the most fundamen-
tal white matter disturbances in adults with dyslexia are located in
the left arcuate fasciculus-direct, and not in other white matter
tracts, such as the left inferior fronto-occipital fasciculus and left
corona radiata.
Anatomical correlate for a dorsal
phonological and ventral
orthographical route
Based on previous functional MRI studies, a dorsal phonological
and a ventral orthographical route is proposed (Jobard et al.,
2003; Sandak et al., 2004; Schlaggar and McCandliss, 2007).
The dorsal phonological route includes the posterior part of the
superior temporal gyrus, the inferior parietal region and the oper-
cular part of the inferior frontal gyrus, whereas the orthographical
route includes the occipito-temporal fusiform gyrus (visual word
form area) and semantic regions such as the inferior and middle
temporal areas and the triangular part of the inferior frontal gyrus
(Jobard et al., 2003). Given the overlap in location, we investi-
gated whether the left arcuate fasciculus and the left inferior
fronto-occipital fasciculus serve as an anatomical counterpart for
the dorsal phonological and the ventral orthographic route, re-
spectively. Concerning the anatomical counterpart of the dorsal
phonological route, it is important to structurally subdivide the
left arcuate fasciculus into its three components since each of
them may yield distinct functions. Our correlational data reveal
no phonological function for the left arcuate fasciculus-anterior,
which connects Broca’s area with the inferior parietal lobe (i.e.
Geschwind’s area). Fractional anisotropy in this anterior segment
of the arcuate fasciculus yielded no significant correlations with
phoneme awareness and speech perception. As suggested by
previous studies (Duffau et al., 2003; Makris et al., 2005), we
therefore suppose that the arcuate fasciculus-anterior may be
mainly involved in articulation. In contrast, the left arcuate
fasciculus-direct, which directly connects Broca’s and Wernicke’s
area, is a plausible candidate to sustain the dorsal phonological
route, since its fractional anisotropy values correlated significantly
with phoneme awareness and displayed a clear associative trend
with speech-in-noise perception. The latter was mirrored by a
negative relationship between speech-in-noise perception and
the right arcuate fasciculus-direct. This suggests that a higher
level of left lateralization in arcuate fasciculus-direct (higher frac-
tional anisotropy left relative to right) coheres with good speech
perception skills. Furthermore, the correlation of phoneme aware-
ness with the left arcuate fasciculus-direct is in line with Duffau
and colleagues (2002) who used intraoperative subcortical stimu-
lation to demonstrate a role for the arcuate fasciculus-direct in
processing the phonological form of words; more specifically,
stimulation at any point along the arcuate fasciculus-direct elicited
phonemic paraphasias (i.e. incorrect substitutions of phonemes).
Finally, the left arcuate fasciculus-posterior, which connects
Wernicke with the inferior parietal region, may also be implicated
in reading-related phonological processes. Although not convin-
cingly related to phoneme awareness, fractional anisotropy in
the left arcuate fasciculus-posterior did show a relation with
speech perception. It might be that white matter integrity of the
left arcuate fasciculus-posterior may impact indirectly on graph-
eme–phoneme reading through the well-known mediating influ-
ence of speech perception on phoneme awareness and literacy
development (Boets et al., 2008). The involvement of arcuate
fasciculus-posterior in speech perception is consistent with func-
tional MRI studies showing that phoneme discrimination and iden-
tification particularly involve the posterior temporal and inferior
parietal region (Hickok and Poeppel, 2000; Joanisse et al.,
2007), a region which is connected to auditory input regions via
the arcuate fasciculus-posterior (Parker et al., 2005). However,
some researchers disagree that speech perception involves dorsally
located regions and assume that speech perception is mainly
located in a ventral ‘what’-system (Rauschecker and Scott,
2009), possibly sustained by the extreme capsule fibre system
tract connecting superior temporal gyrus with pars triangularis
(Frey et al., 2008). More research is needed to investigate this
hypothesis, but based on our results and consistent with other
recent DTI studies (Saur et al., 2008, 2010), we suggest that
the dorsally located arcuate fasciculus-posterior and arcuate
fasciculus-direct are implicated in the phonological aspects of
speech perception whereas the ventrally running extreme capsule
fibre system may rather be implicated in semantic aspects of
speech recognition.
It is important to note that none of the three components of the
left arcuate fasciculus showed a relationship with orthographic
processing. In contrast, white matter integrity in the left inferior
fronto-occipital fasciculus did relate specifically to orthographic
processing, and might thus provide an anatomical counterpart of
the ventral orthographic route. The link between orthographic
processing and the left inferior fronto-occipital fasciculus seems
to oppose the finding of a significant group difference at the be-
havioural level (i.e. performance on the flashed word identification
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task) and not at the brain level (i.e. similar fractional anisotropy in
inferior fronto-occipital fasciculus). This apparent dissociation
might be rooted in the fact that the construction of the ortho-
graphic lexicon requires a child to establish an efficient grapheme–
phoneme conversion route, which provides the necessary print
exposure to bootstrap the development of the orthographic lexi-
con (Frith, 1985; Share, 1995). Therefore, the primary phonologic-
al decoding deficit in children with dyslexia (presumably reflected
in neuroanatomical anomalies in the left arcuate fasciculus), sets
an upper limit on the development of their orthographic lexicon
later in life. In spite of these secondary orthographic problems,
studies indicate that dyslexic readers do rely more on orthographic
processes as a compensational mechanism (Rack, 1985; Elbro,
1993; Shafrir and Siegel, 1994; van der Leij and van Daal, 1999;
Leinonen et al., 2001), and this might be reflected in intact inferior
fronto-occipital fasciculus. Thus in spite of the global group differ-
ence in orthographic skill due to deficient phonological decoding in
dyslexic readers, individual differences in orthographic processing
still seem to be related to neuroanatomical integrity of inferior
fronto-occipital fasciculus.
To provide more direct evidence for the specificity of structure–
function relationships between inferior fronto-occipital fasciculus
and orthographic processing on the one hand and arcuate fascic-
ulus and phonological processing on the other, multiple regression
analyses were conducted. These confirmed that there are distinct
white matter tracts for orthographic and phonological contribu-
tions to reading. The left arcuate fasciculus, or at least the direct
and posterior segment, is involved in phonological reading-related
processes and may therefore be relevant for the sublexical
graphophonological reading route, whereas the left inferior
fronto-occipital fasciculus is involved in orthographic reading-
related processes and may therefore be relevant for the lexico-
semantic reading route. This view is also supported by the
observation that inferior fronto-occipital fasciculus and arcuate fas-
ciculus project to functionally distinct frontal regions. Although
both tracts project to the inferior frontal gyrus (fibre tracking
atlas of Catani and de Schotten, 2008), the inferior fronto-occipital
fasciculus projects to the anterior part, which is implicated in read-
ing exception words (Mechelli et al. 2005) and thus mainly
involved in the orthographic reading route, whereas the arcuate
fasciculus projects to the posterior part, which is implicated in
pseudoword reading (Mechelli et al., 2005) and thus mainly
involved in the grapheme–phoneme conversion route. In addition,
the study of Mechelli et al. (2005) as well as a study of Bokde and
colleagues (2001) demonstrated that the posterior region of the
frontal lobe (i.e. the phonological region to which the arcuate
fasciculus projects) interacts with the posterior part of the visual
word form area, whereas the anterior part of the inferior frontal
gyrus (i.e. the semantic region to which the inferior
fronto-occipital fasciculus projects) interacts with the anterior
part of the visual word form area. This is in line with studies
showing that the posterior part of the visual word form area is
more activated during pseudoword reading than by reading famil-
iar words (for a review see Mechelli et al., 2003) and its anterior
part is more activated during word reading relative to pseudoword
reading (Herbster et al., 1997; Brunswick et al., 1999). Currently,
however, the exact posterior terminations of the inferior
fronto-occipital fasciculus and the arcuate fasciculus, especially
with regard to the visual word form area, remain to be clarified.
On the basis of DTI data in a patient with pure alexia, Epelbaum
and colleagues (2008) suggested that the visual word form area is
connected with phonological regions through the arcuate fascic-
ulus and with semantic regions through the inferior
fronto-occipital fasciculus. A post-mortem study (Martino et al.,
2010) confirmed that the inferior fronto-occipital fasciculus con-
nects with the visual word form area, though only the deep sub-
component of the inferior fronto-occipital fasciculus and not the
superficial subcomponent which projects to superior parietal and
posterior superior occipital regions. Concerning the arcuate fascic-
ulus, in most subjects its posterior projections do not terminate in
the visual word form area (as proposed by Epelbaum et al., 2008)
but rather in the posterior part of the superior and middle tem-
poral gyrus (Wernicke’s area) (de Schotten et al., 2011).
Therefore, it is proposed that the visual word form area is only
indirectly connected to the phonological system by short U-shaped
fibres, which project to Wernicke’s area (i.e. the starting point of
the arcuate fasciculus) (Catani and Mesulam, 2008). Currently,
standard DTI tractography is not optimal for investigating the ter-
minations of a tract since fibre tracking is also terminated when
crossing fibres occur. Future studies should investigate the exact
posterior projections of the inferior fronto-occipital fasciculus and
arcuate fasciculus in more detail by using high-angular resolution
diffusion imaging techniques which are designed to trace
fibres through regions with complex fibre architecture (Wedeen
et al., 2008).
Conclusion
The hypothesis that individuals with dyslexia show a dysfunction
in cortical connectivity is often conceptualized exclusively within
cognitive box-and-arrow diagrams in which the relationship be-
tween mind and brain is often not empirically grounded. We
illustrate how DTI can reveal the anatomical basis of anomalous
connections underlying reading impairments by tracking neural
pathways and linking them to reading-related skills. Adults with
dyslexia show reduced white matter integrity in the left arcuate
fasciculus, particularly in the component that is directly linking
Wernicke’s to Broca’s area. No reduced fractional anisotropy is
observed in the right arcuate fasciculus or in the left inferior
fronto-occipital fasciculus. Our correlational results suggest that
the integrity of white matter in the left arcuate fasciculus-
direct, and to a certain extent also in the left arcuate
fasciculus-posterior, is related to phonological processes, whereas
the integrity of white matter in the left inferior fronto-occipital
fasciculus is related to orthographic processes. These anatomical
findings corroborate findings in functional MRI studies that con-
ceptualized a dorsal phonological route and a ventral ortho-
graphic route, which might subserve reading by grapheme–
phoneme conversion and reading by direct word access, respect-
ively. Nevertheless, in order to master fluent reading skills both
white matter tracts are probably in continuous interaction with
each other.
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